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ME1BDDS PGR THE PREPARAIdCN GF POLXMffDE NBNDCDMPOSITE 
OOMFOSTEBGNS BY IN SEED KX3MBOZKEXCN 

5 Field of the Invention 

This invention relates to* a nanocomposite material 
comprising a polyamide matrix having dispersed therein a treated 
silicate. More particularly, this invention relates to a 
nanocomposite material having dispersed therein a silicate 

10 material treated with at least one ammonium ion. 

Background of the Invention 
International Application WO 93/04118 discloses a process 
of preparing a polymer nanocomposite having platelet particles 
dispersed therein. The process involves melt-processing the 

15 polymer with a swellable and polymer-compatible intercalated 

layered material and subjecting it to a shear rate sufficient to 
dissociate the layers. The layered material is compatibilized 
with one or more "effective swelling/compatibilizing agents" 
having a silane function or an onium cation function. 

20 International Application WO 93/04117 discloses a process 

of preparing a polymer nanocomposite having platelet particles 
dispersed therein, where the polymer and the swellable and 
polymer-compatible intercalated layered material are melt- 
processed. The layered material is compatibilized with one or 

25 more "effective swelling/compatibilizing agents" selected from 
primary ammonium, secondary ammonium and quaternary phosphonium 
ions. The selected swelling/compatibilizing agents "...render 
their surfaces more organophilic than those compatibilized by 
tertiary and quaternary ammonium ion complexes...", facilitate 

30 exfoliation, resulting in less shear in mixing and less 

decomposition of the polymer, and heat stabilize the composite 
more than other cations (such as quaternary ammonium cation) 
swelling/compatibilizing agents. 
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International Patent Application WO 94/22430 discloses a 
nanocomposite composition having a polymer matrix comprising at 
least one gamma phase polyamide, and dispersed in the polyamide 
is a matrix of a nanometer-scale particulate material. The 
5 addition of the particulate, material to nylon 6 resulted in an 
improvement of flexural modulus and flexural strength (from 7 to 
35%), when compared to. unfilled nylon 6. The addition of the 
particulate material to nylon 6,6 resulted in very little 
improvement (1 to 3%) of flexural modulus and flexural strength 
10 when compared to unfilled nylon 6,6. 

International Patent Application WO 93/10098 discloses a 
polymer composite made by melt-processing a polymer with 
swellable and polymer-compatible intercalated layered material 
comprising layers having reactive organo- silane species 
15 covalently bonded to their surfaces. 

International Patent Application WO 95/14733 discloses a 
method of producing a polymer composite that does not demonstrate 
melting or glass transition by melt-processing a polymer with a 
layered gallery-containing crystalline silicate. The examples 
20 include intercalated sodium silicate and a crystalline 

poly (ethylene oxide), montmorillonite intercalated with a 
quaternary ammonium and polystyrene, and montmorillonite 
intercalated with a quaternary ammonium and nylon 6. 

None of the above references, alone or in combination, 
25 disclose the present invention, as claimed. 

Summary of the Invention 
This invention relates to a polymer nanocomposite 
composition suitable for automotive, electronic, film and fiber 
applications, where a combination of tensile strength, tensile 
modulus and flexural modulus are required. Additionally, the 
claimed polymer nanocomposite composition also has a desirable 
surface appearance, toughness, ductility and dimensional 
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stability. The composition processes well and tolerates a wide 
range of molding conditions. 

Such polymer nanocomposite composition comprises a 
polyamide and a treated silicate, wherein the treated silicate 
includes a silicate material treated with at least one ammonium 
ion of the formula: 

+ NR 1 R 2 R 3 R 4 

wherein: 

Ri, R2, R3 and R 4 are independently selected from a group 
consisting of a saturated or unsaturated Ci to C22 hydrocarbon, 
substituted hydrocarbon and branched hydrocarbon, or where Rx and 
R2 form a N,N-cyclic ether. Examples include saturated or 
unsaturated alkyls, including alkylenes; substituted alkyls such 
as hydroxyalkyls, alkoxyalkyls, alkoxys, amino alkyls, acid 
15 alkyls, halogenated alkyls, sulfonated alkyls, nitrated alkyls 
and the like; branched alkyls; aryls and substituted aryls, such 
as alkylaryls, alkyoxyaryls, alkylhydroxyaryls, alkylalkoxyaryls 
and the like. Optionally, one of Ri, R 2 , R 3 and R« is hydrogen. 
The milligrams of treatment, per 100 grams of silicate (MER) of 
the treated silicate, described in more detail below, is from 
about 10 milliequivalents/100 g below the cation exchange 
capacity of the untreated silicate to about 30 

milliequivalents/100 g above the cation exchange capacity of the 
untreated silicate. The composite polymer matrix material 

25 demonstrates, when tested, an improvement in tensile modulus and 
flexural modulus, without a substantial decrease in tensile 
strength, when compared to that of the polymer without the 
treated silicate. As utilized herein, "substantial decrease" 
means a decrease exceeding the statistically determined 

30 deviations. 

The present invention further relates to a process to 
prepare the above polymer nanocomposite composition comprising 
forming a flowable mixture of a polyamide and a treated silicate 



20 
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material and dissociating (as that term is described in more 
detail below) at least about 50% but not all of the treated 
silicate. The treated silicate is a silicate material treated 
with at least one ammonium ion of the formula: 
5 *NR!R 2 R 3 R4 
wherein: 

Rir R2/ R3 and R 4 are independently selected from a group 
consisting of a saturated or unsaturated d to C22 hydrocarbon, 
substituted hydrocarbon and branched hydrocarbon, or where Ri and 

10 R 2 form a N,N-cyclic ether. Examples include saturated or 

unsaturated alkyls, including alkylenes; substituted alkyls such 
as hydroxyalkyls, alkoxyalkyls, alkoxys, amino alkyls, acid 
alkyls, halogenated alkyls, sulfonated alkyls, nitrated alkyls 
and the like; branched alkyls; aryls and substituted aryls, such 

15 as alkylaryls, alkyoxyaryls, alkylhydroxyaryls, alkylalkoxyaryls 
and the like. Optionally, one of R u R 2 , R 3 and R 4 is hydrogen. 
The milligrams of treatment per 100 grams of silicate (MER) of 
the treated silicate, described in more detail below, is from 
about 10 milliequivalents/100 g below the cation exchange 

20 capacity of the untreated silicate to about 30 

milliequivalents/100 g above the cation exchange capacity of the 
untreated silicate. The composite polymer matrix material 
demonstrates, when tested, an improvement in tensile modulus and 
flexural modulus, without a significant decrease in tensile 

25 strength, when compared to that of the polymer without the 
treated silicate. 

Description of the Preferred Embodiments 
of the Invention 
Polyamides of the present invention are synthetic linear 

30 polycarbonamides characterized by the presence of recurring 

carbonamide groups as an integral part of the polymer chain which 
are separated from one another by at least two carbon atoms. 
Polyamides of this type include polymers, generally known in the 
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art as nylons, which can be obtained from diamines and dibasic 
acids having the recurring unit represented by the general 
formula: 

-NHCOR 5 COHNR 6 - 

in which R 5 is an alkylene .group of at least 2 carbon atoms, 
preferably from about 2 to about 11 or arylene having at least 
about 6 carbon atoms, preferably about 6 to about 17 carbon 
atoms; and R 6 is selected from R 5 and aryl groups. Also, 
included are copolyamides, terpolyamides and the like obtained by 
known methods, for example, by condensation of hexamethylene 
diamine and a mixture of dibasic acids consisting of terephthalic 
acid and adipic acid. Polyamides of the above description are 
well-known in the art and include, for example, 
poly (hexamethylene adipamide) (nylon 6,6), poly (hexamethylene 
15 sebacamide) (nylon 6,10), poly (hexamethylene isophthalamide) , 
poly (hexamethylene terephthalamide) , poly (heptamethylene 
pimelamide) (nylon 7,7), poly (octamethylene suberamide) (nylon 
8,8), poly (nonamethylene azelamide) (nylon 9,9), poly 
(decamethylene sebacamide) (nylon 10,9), poly (decamethylene 
20 sebacamide) (nylon 10,10), poly [bis (4-amino cyclohexyl)methane- 

1, 10-decanecarboxamide) ] , poly (m-xylene adipamide), poly (p-xylene 
sebacamide), poly (2, 2, 2-trimethyl hexamethylene terephthalamide), 
poly (piperazine sebacamide), poly (p-phenylene terephthalamide), 
poly (metaphenylene isophthalamide), and copolymers and 
25 terpolymers of the above polymers. Additional polyamides include 
nylon 4,6, nylon 6,9, nylon 6,10, nylon 6,12, nylon 11, nylon 12, 
amorphous nylons, aromatic nylons and their copolymers. 

Other useful polyamides are those formed by polymerization 
of amino acids and derivatives thereof, as for example, lactams. 
Illustrative of these useful polyamides are poly (caprolactam) 
(nylon 6), poly ( 4-aminobutyric acid) (nylon 4), poly(7- 
aminoheptanoic acid) (nylon 7), poly (8-aminooctanoic acid) (nylon 
8), poly (9-aminononanoic acid) (nylon 9), poly ( 10-aminodecanoic 



30 
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acid) (nylon 10), poly (11-aminoundecanoic acid) (nylon 11), 
poly (12-aminodocecanoic acid) (nylon 12) and the like. 

The preferred polyamide is Vydyne© nylon, which is 
poly (hexamethylene adipamide) (nylon 6,6), which gives a 
5 composite with the desired Combination of tensile strength, 
tensile modulus and flexural modulus for the applications 
contemplated herein (Vydyne® is a registered trademark of 
Solutia, Inc. ) . 

The preferred molecular weight of the polyamide is in the 

10 range of 30,000 to 80,000 D (weight average) with a more 

preferred molecular weight of at least 40,000 D (weight average). 

Increasing the weight average molecular weight of the polyamide 
from about 35,000 to 55,000 D results in an unexpected increase 
in toughness as indicated by the notched izod impact test. 

15 Whereas an increase in the weight average molecular weight of 

from about 35,000 to 55,000 D in the polyamide neat results in a 
small increase in toughness, the same increase in molecular 
weight in the nanocomposite results about twice the increase in 
toughness. Therefore, the increase in toughness is enhanced in 

20 the nanocomposite when compared to that of the polyamide neat. 

In a preferred embodiment, the polyamide has an amine end 
group/acid end group ratio greater than one (1) . More 
preferably, the concentration of amine end groups is at least 10 
mole % greater than the concentration of the carboxylic acid end 

25 groups. In an even more preferred embodiment, the polyamide has 
a concentration of amine end groups at least 20 mole % greater 
than the concentration of the carboxylic acid end groups, and in 
a most preferred embodiment, the polyamide has a concentration of 
amine end groups at least 30 mole % greater than the 

30 concentration of the carboxylic acid end groups. In another 

embodiment, the concentration of amine end groups is essentially 
equal to the concentration of carboxylic acid end groups. 
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Among the preferred embodiments is nylon 6, nylon 6,6, 
blends thereof and copolymers thereof. The range of ratios of 
the nylon 6/nylon 6,6 in the blends is from about 1/100 to 100/1. 
Preferably, the range is from about 1/10 to 10/1. The range of 
5 ratios of the nylon 6/nylon 6,6 in the copolymers is about 1/100 
to 100/1. Preferably, the range is from about 1/10 to 10/1. 

Optionally, the nanocomposite composition comprises at 
least one additional polymer. Examples of suitable polymers 
include polyethyleneoxide, polycarbonate, polyethylene, 

10 polypropylene, poly (styrene-acrylonitrile) , poly (acrylonitrile- 
butadiene-styrene) , poly (ethylene terephthalate) , poly (butylene 
terephthalate) , poly (trimethylene terephthalate), poly (ethylene 
naphthalate) , poly (ethylene terephthalate-co-cyclohexane 
dimethanol terephthalate), polysulphone, poly (phenylene oxide) or 

15 poly (phenylene ether), poly (hydroxybenzoic acid-co-ethylene 

terephthalate), poly (hydroxybenzoic acid-co-hydroxynaphthenic 
acid), poly (esteramide) , poly (etherimide) , poly (phenylene 
sulfide), poly (phenylene terephthalamide) . 

The mixture may include various optional components which 

20 are additives commonly employed with polymers. Such optional 
components include surfactants, nucleating agents, coupling 
agents, fillers, impact modifiers, chain extenders, plasticizers, 
compatibilizers, colorants, mold release lubricants, antistatic 
agents, pigments, fire retardants, and the like. 

25 Suitable examples of fillers include carbon fiber, glass 

fiber, kaolin clay, wollastonite and talc. Suitable examples of 
compatibilizers include acid-modified hydrocarbon polymer, such 
as maleic anhydride-grafted propylethylene, maleic anhydride- 
grafted polypropylene, maleic anhydride-grafted ethylenebutylene- 

30 styrene block copolymer. Suitable examples of mold release 
lubricant includes alkyl amine, stearamide, and di-or tri- 
aluminum stearate. 
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Suitable examples of impact modifiers include ethylene- 
propylene rubber, ethylene-propylene diene rubber, methacrylate- 
butadiene-styrene (with core-shell morphology) , 
poly (butylacrylate) with or'withbut carboxyl modification, 
5 poly (ethylene acrylate) , poly (ethylene methylacrylate) , 

poly(ethylene acrylic acid), poly (ethylene acrylate) ionomers, 
poly (ethylene methacrylate acrylic acid) terpolymer r 
poly (styrene-butadiene) block copolymers, poly (styrene-butadiene- 
styrene) block terpolymers, poly (styrene-ethylene/butylene- 

10 styrene) block terpolymers and poly (styrene-ethylene/butylene- 
styrene carboxylate) block terpolymers. 

Silane coupling agents are well-known in the art and are 
useful in the present invention. Examples of suitable coupling 
agents include octadecyltrimethoxysilane, gamma- 

15 aminopropyltriethoxysilane, gamma-aminopropyltrimethoxysilane, 
gamma-aminopropylphenyldimethoxysilane, gamma-glycidoxypropyl 
tripropoxysilane, 3, 3-epoxycyclohexylethyl trimethoxysilane, 
gamma-proprionamido trithoxysilane, N-trimethoxysilylpropyl- 
N (beta-aminoethyl) amine, trimethoxysilylundecylamine, 

20 trimethoxysilyl-2-chloromethylphenylethane, 

trimethoxysilylethylphenylsulfonylazide, N-trimethoxysilylpropyl- 
N,N,N-trimethylammonium chloride, 

N-(trimethoxysilylpropyl) -N-methyl-N, N-diallylammonium chloride, 
trimethoxysilylpropylcinnamate, 3-mercaptopropyl 

25 trimethoxysilane, 3-isocyanatopropyltriethoxysilane, and the 

like. The preferred silane is gamma-aminopropyltriethoxysilane . 
The silane coupling agent is optionally added to the polymer 
composite in the range of about 0.5 to 5 weight % of the layered 
silicate. The preferred concentration range of silane coupling 

30 agent is about 1 to 3 weight % of the layered silicate in the 
composite. 

In one embodiment, the nanocomposite composition further 
comprises a composition wherein an acid end group of the 
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polyamide is bonded to a surface of the treated layered silicate 
by a silane coupling agent. 

The silicate materials of the present invention are 
selected from the group consisting of layered silicates and 
5 fibrous, chain-like silicates, and include phyllosilicates. 
Examples of fibrous, chain-like silicates include chain-like 
minerals, for example sepiolite and attapulgite, with sepiolite 
being preferred. Such silicates are described, for example, in 
Japanese Patent Application Kokoku 6-84435 published October 26, 

10 1994. Examples of layered silicates include layered smectite 
clay minerals such as montmorillonite, nontronite, beidellite, 
volkonskoite, Laponite® synthetic hectorite, natural hectorite, 
saponite, sauconite, magadiite, and kenyaite; vermiculite; and 
the like. Other useful materials include layered illite minerals 

15 such as ledikite and admixtures of illites with one or more of 
the clay minerals named above. The preferred layered silicates 
are the smectite clay minerals such as montmorillonite, 
nontronite, beidellite, volkonskoite, Laponite® synthetic 
hectorite, natural hectorite, saponite, sauconite, magadite, and 

20 kenyaite. 

The layered silicate materials suitable for use in the 
present invention are well-known in the art, and are sometimes 
referred to as "swellable layered material". A further 
description of the claimed layered silicates and the platelets 

25 formed when melt processed with the polyamide is found in 

International Patent Application WO 93/04117, which is hereby 
incorporated by reference. The layered silicate materials 
typically have planar layers arrayed in a coherent, coplanar 
structure, where the bonding within the layers is stronger than 

30 the bonding between the layers such that the materials exhibit 
increased interlayer spacing when treated. 

The layered silicate materials require treatment as 
described in more detail below with the subject ammonium ion to 
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provide the interlayer swelling and/or spacing required for the 
performance of the treated silicate of the present invention. As 
used herein the "inter layer spacing" refers to the distance 
between the faces of the layers ,as they are assembled in the 
5 treated material before any delamination (or exfoliation) takes 
place. The preferred clay materials generally include interlayer 
or exchangeable cations such as Li\ Na + , Ca* 2 , K\ Mg +2 and the 
like. In this state, these materials have interlayer spacings 
usually equal to or less than about 4 A and only delaminate to a 

10 low extent in host polymer melts regardless of mixing. In the 

claimed embodiments, the cationic treatment is a ammonium species 
which is capable of exchanging with the interlayer cations such 
as Li + , Na*, Ca +2 , K + , Mg* 2 and the like in order to improve 
delamination of the layered silicate. 

15 The treated silicate of the present invention is a 

silicate material as described above which is treated with at 
least one ammonium ion of the formula 

+ NRiR 2 R 3 R 4 

wherein: 

20 R x , R 2/ R 3 and R 4 are independently selected from a group 

consisting of a saturated or unsaturated Ci to C 22 hydrocarbon, 
substituted hydrocarbon and branched hydrocarbon, or where Ri and 
R 2 form a N,N-cyclic ether. Examples include saturated or 
unsaturated alkyls, including alkylenes; substituted alkyls such 

25 as hydroxyalkyls, alkoxyalkyls, alkoxys, amino alkyls, acid 

alkyls, halogenated alkyls, sulfonated alkyls, nitrated alkyls 
and the like; branched alkyls; aryls and substituted aryls, such 
as alkylaryls, alkyoxyaryls, alkylhydroxyaryls, alkylalkoxyaryls 
and the like. Optionally, one of Rx, R 2 , R3 and R 4 is hydrogen. 

30 A mixture of two or more ammonium ions is contemplated by the 
present invention. 

In a preferred embodiment of the present invention, Ri is 
selected from the group consisting of hydrogenated tallow, 
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unsaturated tallow or a hydrocarbon having at least 6 carbons, 
and R 2 , R3 and R4 independently have from one to eighteen carbons. 
Tallow is composed predominantly of octadecyl chains with small 
amounts of lower homologues, with an average of from 1 to 2 
5 degrees of unsaturation. The approximate composition is 70% Cia, 
25% Cie, 4% C14 and 1% Ci 2 . In another preferred embodiment of the 
present invention, Ri and R 2 are independently selected from the 
group consisting of hydrogenated tallow, unsaturated tallow or a 
hydrocarbon having at least 6 carbons and R 3 and R 4 independently 

10 have from one to twelve carbons. 

Examples of suitable Ri, R 2 , R3 and R 4 groups are alkyl 
such as methyl, ethyl, octyl, nonyl, tert-butyl, ethylhexyl, 
neopentyl, isopropyl, sec-butyl, dodecyl and the like; alkenyl 
such as 1-propenyl, 1-butenyl, 1-pentenyl, 1-hexenyl, 1-heptenyl, 

15 1-octenyl and the like; cycloalkyl such as cyclohexyl, 

cyclopentyl, cyclooctyl, cycloheptyl and the like; alkoxy such as 
ethoxy; hydroxyalkyl; alkoxyalkyl such as methoxymethyl, 
ethoxymethyl, butoxymethyl, propoxyethyl, pentoxybutyl and the 
like; aryloxyalkyl and aryloxyaryl such as phenoxyphenyl, 

20 phenoxymethyl, phenoxydecyl, phenoxyoctyl and the like; arylalkyl 
such as benzyl, phenylethyl, 8-phenyloctyl, 10-phenyldecyl and 
the like, alkylaryl such as 3-decylphenyl, 4-octylphenyl, 
nonylphenyl and the like. 

The preferred ammoniums used in treating the silicate 

25 material^ include oniums such as dimethyldi (hydrogenated tallow) 
ammonium, dimethylbenzyl hydrogenated tallow ammonium, 
dimethyl (ethylhexyl) hydrogenated tallow ammonium, trimethyl 
hydrogenated tallow ammonium, methylbenzyldi (hydrogenated tallow) 
ammonium, N, N-2-cyclobutoxydi (hydrogenated tallow) ammonium, 

30 trimethyl tallow ammonium, methyldihydroxyethyl tallow ammonium, 
octadecylmethyldihydroxyethyl ammonium, dimethyl (ethylhexyl) 
hydrogenated tallow ammonium and mixtures thereof. Particularly 
preferred ammoniums include quaternary ammoniums, for example, 
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dimethyldi (hydrogenated tallow) ammonium, dimethylbenzyl 
hydrogenated tallow ammonium, methyldihydroxyethyl tallow 
ammonium, octadecylmethyldihydroxyethyl ammonium, 
dimethyl (ethylhexyl) hydrogenated tallow ammonium and mixtures 
5 thereof. 

The treatment with the ammonium ion(s), also called 
"cationic treatments", may include introduction of the ions into 
the silicate material by ion exchange. In the embodiment where 
the silicate material is a layered silicate, the cationic 

10 treatments may be introduced into the spaces between every layer, 
nearly every layer, or a large fraction of the layers of the 
layered material such that the resulting platelet layers comprise 
less than about 20 particles in thickness. The platelet layers 
are preferably less than about 8 particles in thickness, more 

15 preferably less than about 5 particles in thickness, and most 
preferably, about 1 or 2 particles in thickness. 

The treated silicate has a MER of from about 10 
milliequivalents/100 g below the cation exchange capacity of the 
untreated silicate to about 30 milliequivalents/100 g above the 

20 cation exchange capacity of the untreated silicate. The MER is 
the milliequivalents of treatment per 100 g of silicate. Each 
untreated silicate has a cation exchange capacity, which is the 
milliequivalents of cations available for exchange per 100 g of 
silicate. For example, the cation exchange capacity of the 

25 layered silicate montmorillonite can be about 95, and the 

exchange capacity of sepiolite is in the range of about 25 to 40. 

When the MER of the treated silicate substantially exceeds the 
cation exchange capacity, there is an excess of cationic 
treatment which may be available to react with the polyamide. 

30 This excess may cause degradation of the properties of the 
polyamide. 

The higher the MER, the lower the concentration of 
silicate in the treated silicate. Therefore, a first 
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nanocomposite sample may have a higher concentration of treated 
silicate but a lower concentration of silicate, than a second 
nanocomposite sample, because the first sample has a higher MER 
than the second sample. 

If the MER value of the treated silicate is substantially 
less than its exchange capacity, for example about 85 MER for the 
preferred montmorillonite, there is too little of the cationic 
treatment to have a beneficial effect. If the MER exceeds about 
125 , the excess ammonium may be detrimental to the properties of 
the nylon. Preferably, when the untreated montmorillonite has an 
exchange capacity of 95, the treated layered silicate has a 
cation exchange capacity of from about 85 to about 125. 

The amount of treated silicate included in the composition 
is in the range of about 0.1 to 12 weight % of the composite. 
The concentration is adjusted to provide a composite polymer 
matrix material which demonstrates, when tested, an increase in 
tensile modulus and flexural modulus, without a decrease in 
tensile strength. Preferably, the increase in tensile modulus 
and flexural modulus is at least about 10%. More preferably, the 
increase in tensile modulus and flexural modulus is at least 
about 20%. Too little treated silicate fails to provide the 
desired increase in tensile modulus and flexural modulus. Too 
much treated silicate provides a polyamide composite with a 
decreased tensile strength. Further, it may be desirable to have 
the crystalline regions of the polyamide in the nanocomposite 
composition be less than 1.0pm. 

The particle size of the treated silicate is such that 
optimal contact between the polymer and the treated silicate is 
facilitated. The range of particle size can vary from about 10 
microns to about 100 microns. Preferably, the particle size is 
in the range of from about 20 to 80 microns. Most preferably, 
the particle size is below about 30 microns, such as those that 
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pass through 450 mesh screens, in that the resulting polymer 
nanocomposite has improved performance properties. 

Optionally, the silicate can be treated with a mixture of 
one or more quaternary ammonium ions with one or more ammonium 
ions of the formula 

+ NR a R b RcRd 

wherein at least one of R a/ Rb and R c is hydrogen (H) and Rd is 
selected from a group consisting of a saturated or unsaturated Cx 
to C22 hydrocarbon, substituted hydrocarbon and branched 
hydrocarbon. Examples include saturated or unsaturated alkyls, 
including alkylenes; substituted alkyls such as hydroxyalkyls, 
alkoxyalkyls, alkoxys, amino alkyls, acid alkyls, halogenated 
alkyls, sulfonated alkyls, nitrated alkyls and the like; branched 
alkyls; aryls and substituted aryls, such as alkylaryls, 
alkyoxyaryls, alkylhydroxyaryls, alkylalkoxyaryls and the like. 
As the definition of the Rd group for the ammonium ion above is 
generally the same as the definition for the R4 group in the 
ammonium ion, which in this embodiment is a quaternary ammonium, 
the Examples set forth above for the R 4 group are also exemplary 
of the R d group. Optionally, the R d group further contains a 
carboxylic acid moiety such that the ammonium ion 

+ NR a RbRcRd 

is an amino acid, for example 12-aminolauric acid ammonium. In 
this embodiment, it is particularly preferred that the amine end 
groups/acid end groups ratio of the polyamide is greater than one 
(1) . 

A preferred mixture includes at least one of 
dimethyldi (hydrogenated tallow) ammonium, methyl dihydroxyethyl 
tallow ammonium and/or dimethyl (ethylhexyl) hydrogenated tallow 
ammonium, either alone or in combination with 12-aminolauric acid 
ammonium. 

Optionally, the treated silicate can be further treated 
with azine cationic dyes, such as nigrosines or anthracines. 
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Said cationic dyes would impart color-fastness and uniformity of 
color in addition to increasing the intercalation of the polymer 
molecules. 

It is further desirable. to have a polymer composite that 
5 provides both the desired strength and flexibility, and yet is 
lightweight. This is accomplished by minimizing the 
concentration of treated silicate in the nanocomposite . The 
preferred nanocomposite contains a concentration of treated 
silicate of from about 0.1 to about 12.0 weight % of the 

10 composite. The most preferred nanocomposite contains a 

concentration of treated silicate of from about 0.5 to about 6.0 
weight % of the composite. 

In a first embodiment of the present invention, the 
nanocomposite composition is prepared using a two step process. 

15 One step includes forming a flowable mixture of the polyamide as 
a polymer melt and the treated silicate material. The other step 
includes dissociating at least 50% but not all of the treated 
silicate material. The term "dissociating", as utilized herein, 
means delaminating or separating treated silicate material into 

20 submicron-scale structures comprising individual or small 

multiple units. For the embodiment wherein layered silicates are 
utilized this dissociating step includes delaminating the treated 
silicate material into submicron scale platelets comprising 
individual or small multiple layers. For the embodiment wherein 

25 fibrous; chain-like silicates are utilized, this dissociating 

step includes separating the treated silicate material into sub- 
micron scale fibrous structures comprising individual or small 
multiple units. 

As referred to in the mixture forming step, a flowable 

30 mixture is a mixture which is capable of dispersing dissociated 
treated silicate material at the submicron scale. A polymer melt 
is a melt processable polymer or mixture of polymers which has 
been heated to a temperature sufficiently high to produce a 
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viscosity low enough for submicron scale mixing to occur. The 
process temperature should be at least as high as the melting 
point of the polyamide employed and below the degradation 
temperature of the polyamide and of the organic treatment of the 
5 silicate. The actual extruder temperature may be below the 
melting point of the polyamide employed, because heat is 
generated by the flow. The process temperature is high enough 
that the polymer will remain in the polymer melt during the 
conduct of the process. In the case of a crystalline polyamide, 

10 that temperature is above the polymer's melting temperature. For 
example, a typical nylon 6, having a melting point of about 
225°C, can be melted in an extruder at any temperature equal to 
or greater than about 225°C, as for example between about 225°C 
and about 260°C. For nylon 6,6 a temperature of preferably from 

15 about 260°C to about 320°C is normally employed. 

Conventional methods can be employed to form the flowable 
mixture. For example, the flowable mixture can be prepared 
through use of conventional polymer and additive blending means, 
in which the polymer is heated to a temperature sufficient to 

20 form a polymer melt and combined with the desired amount of the 
treated silicate material in a granulated or powdered form in a 
suitable mixer, as for example an extruder, a Banbury® type 
mixer, a Brabender® type mixer, Farrel® continuous mixers, and 
the like. 

25 In one embodiment, the flowable mixture may be formed by 

mixing the polyamide with a previously formed treated silicate- 
containing concentrate. The concentrate includes the treated 
silicate and a polymer carrier. The concentration of the treated 
silicate material in the concentrate is selected to provide the 

30 desired treated silicate concentration for the final 

nanocomposite composition. Examples of suitable polymers for the 
carrier polymer of the concentrate include polyamide, ethylene 
propylene rubber, ethylene propylene diene rubber, ethylene- 
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ethylacrylate, ethylene-ethylmethacrylate or ethylene 
methacrylate. Examples include Iotek® ionomer and Escor® ATX 
acid terpolymer, both available from Exxon . The polyamide 
polymers suitable for the -carrier polymer include nylons such as 
5 nylon 6, nylon 6,6, nylon 4,6, nylon 6,9, nylon 6,10, nylon 6,12, 
nylon 11, nylon 12, amorphous nylons, aromatic nylons and their 
copolymers. The polymer of the carrier may be the same as or 
different from the polyamide of the flowable mixture. For 
example, both polymers may be a polyamide, particularly nylon 

10 6,6, but may have the same or different molecular weight. The 
preferred weight average molecular weight of the carrier polymer 
of the concentrate is in the range of about 5,000 D to about 
60,000 D. The most preferred range of the weight average 
molecular weight for the carrier polymer is in the range of about 

15 10,000 to about 40,000 D. In this embodiment, the dissociation 
step of the present process, as described below, may occur at 
least in part via the forming of the concentrate such that the 
dissociation step may precede the step of forming the flowable 
mixture. It is therefore understood that the process steps 

20 (e.g., forming and dissociating) may occur sequentially without 
regard to order, simultaneously or a combination thereof. In 
the second step, the flowable mixture is sufficiently mixed to 
form the dispersed nanocomposite structure of dissociated 
silicate in the polymer melt, and it is thereafter cooled. The 

25 silicate can be dissociated by being subjected to a shear having 
an effective shear rate. As used herein, an effective shear rate 
is a shear rate which is effective to aid in dissociation of the 
silicate and provide a composition comprising a polyamide matrix 
having silicate substantially homogeneously dispersed therein 

30 without substantially breaking the individual units (e.g., 
platelets or fibrous chains) . 

Any method which can be used to apply a shear to a 
flowable mixture or any polymer melt can be used. The shearing 
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action can be provided by any appropriate method, such as by 
mechanical means, by thermal shock, by pressure alteration, or by 
ultrasonics. Preferably, the flowable polymer mixture is sheared 
by mechanical methods in which -portions of the melt are caused to 
flow past other portions of the mixture by use of mechanical 
means such as stirrers, Banbury® type mixers, Brabender® type 
mixers, Farrel® continuous mixers, and extruders. Most 
preferably, the mixture is subjected to multiple shearings. In 
addition to the increased shear provided by multiple shearing, 
increased residence time is also provided, which results in 
improved performance properties . Another procedure employs 
thermal shock in which shearing is achieved by alternatively 
raising or lowering the temperature of the mixture causing 
thermal expansions and resulting in internal stresses which cause 
the shear. In still other procedures, shear is achieved by 
sudden pressure changes in pressure alteration methods; by 
ultrasonic techniques in which cavitation or resonant vibrations 
which cause portions of the mixture to vibrate or to be excited 
at different phases and thus subjected to shear. These methods 
of shearing flowable polymer mixtures and polymer melts are 
merely representative of useful methods, and any method known in 
the art for shearing flowable polymer mixtures and polymer melts 
may be used. 

Shearing can be achieved by introducing the polymer 
pellets -at one end of the extruder (single or twin screw) and 
receiving the sheared polymer at the other end of the extruder. 
A preferred twin screw extruder is a co-rotating fully 
intermeshing type, such as the ZSK series manufactured by Werner 
and Pfleiderer Company. The layered silicate can be fed into the 
twin screw extruder at the feed throat or at the downstream vent. 

The preferred method is to feed the layered silicate at the 
downstream vent, which produces a composite polymer with improved 
performance properties. 
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Optionally, an additional processing step can be added, 
such as solid state polymerization, wherein the compounded 
pellets are held for several hours at a high temperature below 
the melting point of the polymer. For example, typical solid 
state polymerization conditions are heating the solid polymer in 
the range of about 200 to 240°C for a period of from about two 
(2) to five (5) hours. Said additional processing step results 
in an increase in molecular weight and an improvement in 
toughness, ductility and tensile strength of the nanocomposite. 

Another optional processing step can be a heat treatment 
step, where the composition is heated to improve intercalation of 
the nylon molecules into the silicate structure. Said heat 
treatment step is performed by heating the composition at a 
temperature in the range of about 200 to 240°C for a period of 
15 about two (2) to five (5) hours. 

Another preferred continuous compounder is the Farrel 
Continuous Mixer (FCM) . For composites using Vydyne® 21 nylon, 
the preferred temperature of the melt is in the range from about 
275 to 315°C, with the most preferred range being from about 275 
20 to 295°C. 

The polymer melt containing nano-dispersed dissociated 
silicate material may also be formed by reactive extrusion in 
which the silicate material is initially dispersed as aggregates 
or at the nanoscale in a liquid or solid monomer and this monomer 
25 is subsequently polymerized in an extruder or the like. 

Alternatively, the polymer may be granulated and dry mixed with 
the treated silicate material, and thereafter, the composition 
may be heated in a mixer until the polymer is melted forming the 
flowable mixture. 

30 The process to form the nanocomposite is preferably 

carried out in the absence of air, as for example in the presence 
of an inert gas, such as argon, neon or nitrogen. The process 
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can be carried out in a batchwise or discontinuous fashion, as 
for example, carrying out the process in a sealed container. 
Alternatively, the process can be carried out in a continuous 
fashion in a single processing *one, as for example, by use of an 
extruder, from which air is largely excluded, or in a plurality 
of such reaction zones in series or in parallel. 

In another embodiment of the present invention, the 
process to prepare a polymer nanocomposite composition comprises 
forming a first flowable mixture of a polyamide, at least one 
monomer, and a treated silicate material; dissociating at least 
50% but not all of the treated silicate material and polymerizing 
the monomer. It is to be understood that the polymerization step 
can occur simultaneously or sequentially with one or more other 
steps in the process of this embodiment: Preferably, at least 
15 one monomer of the third embodiment includes monomers such as e- 
caprolactam, lauryllactam, and their corresponding lactones. 

In yet another embodiment of the present invention, 
the process to prepare a polymer nanocomposite composition 
comprises forming a flowable mixture of a polyamide and a treated 
silicate material; dissociating the at least about 50% but not 
all of the treated silicate material; and adding an additional 
amount of said polyamide, most preferably during said 
dissociating step. 

Each of the above embodiments of the process to prepare 
25 the polymer nanocomposite composition can be followed by 
additional steps or treatments, such as solid state 
polymerization, or additional melt polymerization of the 
composition by increasing the residence time in the mixer with 
the removal of water condensation product. 

The composition of the present invention can be made into, 
but is not limited to, the form of a fiber, film or a molded 
article. 



20 
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Examples 

The following examples are presented to further illustrate 
the invention and do not limit the scope of the claims in any 
manner. 

All of the nylons used in the following examples are nylon 
6,6. Unless otherwise indicated, the nylon used was nylon h, 
manufactured by Solutia, Inc, and characterized in the Table of 
Nylon Types, below. Unless otherwise indicated, all percents are 
weight percent. The % clay is the total weight of pristine clay 
in the final composite, be it pristine or pre-treated. Tensile 
strength and Young's Modulus are measured according to ASTM 
method D638 and are reported in kpsi and MPa. Flexural modulus 
is measured according to ASTM method D790 and is reported in kpsi 
and MPa. 

15 The runs numbered with a "-C" are control runs. 



10 
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Table 1 of Clay Typ es 
All of the silicates listed below, unless otherwise 
identified, are montmorillonites produced by Southern Clay 
Products Inc. with a clay exchange capacity of about 95. The 
treatments listed below are ammonium treatments. Items A-H are 
controls while the items I-AA are examples of quaternary ammonium 
treated silicates of the present invention. 



Ammonium 

Item Treatment 



MER 



A untreated 

B hectorite, untreated 

C dicyclohexyl 10 g 

D 12-aminolauric acid 90 

15 E dimethydi (hydrogenated tallow) 140 

F dimethylbenzyl hydrogenated tallow 140 

G dimethyldi (hydrogenated tallow) 140 

H methylbenzyldi (hydrogenated tallow) 130 

20 I trimethyl tallow 12 s 

J dimethyldi (hydrogenated tallow) 80 

K dimethyldi (hydrogenated tallow) 85 

L trimethyl hydrogenated tallow 125 

M dimethyl (ethylhexyl) 

25 hydrogenated tallow 90 

N dimethyl (ethylhexyl) hydrogenated tallow, 

with wetting agent 90 
0 dimethyl (ethylhexyl) hydrogenated tallow, 

with wetting agent 90 

30 P diethoxymethyl tallow 90 

Q dimethyldi (hydrogenated tallow), 

fine ground clay, with additional 

•processing 95 

R octadecylmethyldiethoxy 95 

35 S trimethyl C22 110 

T dimethyldi (hydrogenated tallow), 

better dispersing form 95 
U dimethyldi (hydrogenated tallow), 

processed 95 

40 v item U, above, with 1% surfactant 95 

W dimethyldi (hydrogenated tallow) 125 

X dimethyldi (hydrogenated tallow), fine 

ground clay 95 

Y N,N-2-butoxydi (hydrogenated tallow) 90 

45 z dimethyldi (hydrogenated tallow) 95 
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dimethylbenzyl hydrogenated tallow 95 
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Table 2 of Clay Types 
Items GG through NN are examples of montmorillonite, 
unless otherwise indicated, treated with the blends of more than 
one quaternary ammonium or of a quaternary ammonium and ammonium 
5 of the present invention, items 00 through TT are examples of 
the tertiary ammonium silicates of the present invention. 

Ammonium 

Item Treatment MER 

10 GG 1 80/20 blend of sepiolite and smectite, 

tallow) t fnd ted 15/25 blend of methylbenzyldi (hydrogenated 

dimethyldi (hydrogenated tallow) 45 
HH 50/50 blend of 2-ethylhexyl, dimethyl 
15 hydrogenated tallow and 

dimethydi (hydrogenated tallow) 95 
II 25/75 blend of 2-ethylhexyl, dimethyl 

hydrogenated tallow and 

dimethydi (hydrogenated tallow) 95 
20 JJ 75/25 blend of 2-ethylhexyl, dimethyl 
hydrogenated tallow and 

dimethydi (hydrogenated tallow) 95 
KK 10.5/89.5 blend of 12-aminolauric acid 

and dimethydi (hydrogenated tallow) 95 
25 LL 16/84 blend of 12-aminolauric acid and 

dimethydi (hydrogenated tallow), 95 
MM 5/95 blend of 12-aminolauric acid and 

dimethydi (hydrogenated tallow) 95 
NN 16/84 blend of 12-aminolauric acid and 
30 dimethy (ethylhexyl) 

hydrogenated tallow 95 

00 dimethyl cocoa 95 
PP dimethyl hydrogenated tallow 95 
QQ dimethyl tallow 95 

35 RR 2-ethylhexyl methyl hydrogenated tallow 95 
SS dimethyl hydrogenated tallow 95 
TT dihydroxyethyl octadecyl 125 

1 Patent Pending 
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Nvl nn 

m y lull 


niuine Luus 


Acid Ends 


Araine/Acid 


Mw 
(1000 


=\ 

CI 


DO 


60 


0.92 


35 


h 


"3^ 

JJ 


60 


0.58 


42 






40 


1.00 


50 


d 


15 


50 


0.30 


62 


e 


80 


50 


1.60 


31 


f 


125 


70 


1.79 


21 


g 


31 


60 


0.52 


44 


h 


45 


70 


0.64 


35 



The amine ends and the acid ends are the equivalents of 
unreacted amine and acid functional groups on the nylon. The M„ 
is the weight average molecular weight as measured in Daltons. 
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In Table 1, composites of four (4) different types of 
treated clay are shown. The control examples using clays not 
treated with ammoniums of the present invention show a general 

5 decrease in tensile strength when compared to the preceding (i.e. 
comparable) sample containing no clay (i.e., comparing 2-C, 3-C 
and 4-C to 1-C and comparing 6-C, 7-C and 8-C to 5-C) , with the 
exception of control example 3-C which shows no change in tensile 
strength when compared to 1-C. 

0 Runs 1-C through 4-C were processed with a ZSK twin screw 

extruder, and runs 5-C through 8-C were processed with a FCM 
mixer. 



Patent nrnvirteri hv Runhriift Minn PI I C. ■ httn7A*ww snnhri 



WO 01/12678 



PCT/US99/18514 



-27- 



*-* a_ 

S H — 



V0 
00 



oo 
csj 



vo 
oo 

Csl 



GO 
CM 



O 
00 
CNJ 



CM 



CM 



CO 
CM 



H 



CO 











CO 














V U Vj U4 










p 


fc*4 -rf* t *JC 










M 
































0) CO 


to 


OJ 




c 




-H rH 


3 


o 


CO D -H fO 


a: 




C "O CO OU 




x: 


a> o as 


iH 


4J 




o 


•H 


M 












c 


T5 




0 


(D 




u 


4J 






fa 






<D 






U 






U 


rH C7> 






■H C ~ 




-P 


(0 d) H f0 




O 


C M t/)d 




c 


a> as 






H C/l ^ — 




CO 






> 












—i 






U 


>i 






fO — 












CJ — 



oooooooo 
^^!^^. r ? CNJCgrnUJOr - ,rP >oo<^ooo 
*r ^ *r *~ ^j.^^, — ^— in — in — 



oooooooo 
vorHmoococMcrkCM 
(Nooo^HvocMHroino^r^vomoo 
^CN^rnvoroooro^procriror^cnco^T 
^ *-*^r ^,3, win — ^ 



rnr-r^rMr^chOt-H 

VO • CM • VD . CO . VD . to .QO - rH - 

• o • r- • o • oo • o vo vo o vo »h en 

HQOHr^H00H(^H0O • VD . uO • VO 
1-4 ^"rH^iH rH — <J\ — "CO — ^ 



CO 



cn 

CM 



00 
OD 



OO 



ra a 

rH >, 



DQ 



c 
a: 



u 
i 



u 
i 

CM 



u 
I 



l 



U 
m 



a u u 
I I I 

VD [ — oo 



Patent nrnviriftd hv SnnhriiA Minn PI I C. - httn //www siinhmp mm 



WO 01/12678 PCT/US99/18514 
' -28- 

In Table 2, composites of four different treated 
quaternary ammonium-treated clays with a MER exceeding 125 are 
shown. The composites were processed using a ZSK mixer. All of 
the control examples show a., decrease in tensile strength when 
compared to the preceding (corresponding) sample without clay. 
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In Table 3, composites prepared from thirteen (13) 
different quaternary ammonium-treated clay processed with a FCM 
compounder are shown. All of the composites except 35, 36 and 
47, show an increase in tensile* modulus and flexural modulus 
without a decrease in tensile strength when compared with nylon 
without the treated clay. However, taking into account the 
standard deviation of samples 35, 36 and 47, the samples could 
provide a tensile strength equal to or higher than that of their 
controls . 
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In Table 4, composites are prepared from eight (8) 
different quaternary ammonium- treated clay processed with a ZSK 
twin screw extruder are shown. .All of the composites show an 
increase in tensile modulus and flexural modulus without a 
decrease in tensile strength when compared to samples without 
treated clay. 
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In Table 5, the following four (4) nylon 6,6 products were 
used to prepare composites: nylon d, nylon c, nylon b, nylon h, 
shown in the Table of Nylorf' Types . The nylons are presented 
above in order of decreasing average molecular weight. The 
5 composites were processed using a ZSK twin screw extruder. 

All composites show an increase in tensile modulus and 
flexural modulus without a decrease in tensile strength when 
compared to samples without treated clay. 



Patpnt nrnvirlfirt hv SnnhniP Minn PMC httrv//www siinhnift mm 



WO 01/12678 



PCT/US99/18514 



-38- 



H Em 
Q) (Do 
2 H — 



rH 


O 


CTi 




o> 




00 


00 


CM 


CM 


CN 


CN 



GO 
00 



ON 


CO 




00 


CO 


00 


cn 


CN 


CN 



c 

O 0) 
rH Q, 

2 Ch 



U 





(D 




a 










m 


on 


ble 


Nyl 


Ta 


Di 
C 




•H 








H 




03 




> 



0) 

D 

•H ^ 

>c a -h as 
a) "O w at 
r» o as 

Ct, 2 J* — 



•HH — 

w a -h as 

C 13 CO GU 

<u o as 



0) 



u 

c — 

M CO Ot 

-p as 



oooooooo 

^ 2> ~ r-» O r-H 00 CO OO 

S^ < ^ ootn0[ ^°^ c =>k0r-oc7>oovo 
^^m— «<t— m— ^r— m— ^~m — 



o o 
vo ix> 
cn o r-i 



o o o o o o 

<T> ««T r-t T rH in 

cNr^o^mooc^cnmovoo 



NMosro(w^ocM\onnninn 
^ — vo — -vo— m— ^^m — 



O co *r cm on 

• VO . VO • VO . O • rH . vo . 

vo • o • r- . o . co . vo . o 

H^(\JQOH0O(NJODHCO(Ma)rHr-H0O 



00 



CO 



vo 



aj a 

rH >1 



a 



a 



c 



I 



vo 



O 
i 



oo 



u 
\ 



o 
oo 



U 
i 

rH 

CO 



CNI 
CO 



Patent nrnvirlfid hv Sirnhnift Minn PI I P. - httn //www siinhma mm 



WO 01/12678 



-39- 



PCT/US99/18514 



In Table 6, composites using polymer blends of nylon h and 
nylon b were made. One blend, example 85, was made by preparing 
a clay concentrate in nylon h, such as control sample 83-C, and 
then blending the concentrate with a second polymer, such as b. 
The second blend, example 86, was made by preparing a clay 
concentrate of nylon b, and blending in the nylon h. The 
composites were processed using a ZSK twin screw extruder. 



Patent nrrwirifiri hv Siinhnin Minn PI I r. - httn//Www sunhmn < 



WO.01/12678 



PCT/US99/18514 



-40- 





•o 




c 




0) 








m 




c 




0 




iH 






-Q 




as 










C 








& 












> 



3Tl2w » 00 00 CD 00 

**t^ w CN CN CN CM CM 



C 

O 01 



0) 



.o x: 



X * § g g £ § 

r-~m — m^in^m^* 

S 5 S 8 g 
111! gK2SS52SS5 



x: 
c 



O - cm 



rn ro 
• • • 

LT) V0 



>i <U 

u H o o a a o 



§ V 
i 



T lO VO 

oo oo oo od a> 



o 


o 


m 


m 


\ 




o 


o 


r- 




w 


CO 




(0 




3 


JC 




\ 


\ 


X) 


x: 


TJ 




C 


c 


0) 


0) 


■H 




X) 


XI 


c 


c 


o 


o 




l-» 




>1 


c 


c 






0 


o 


o 


o 


•H 


•H 


4J 




03 


03 


M 




-U 




X 


X 


O 1 


cn 


•H 


•H 


QJ 


a> 






0) 


0) 


x 


X 


H 









Patent nrnviHfiri hv Rnnhnie Minn PMC httn//www Rimhmp mm 



WO 01/12678 PCT/US99/18514 

-41- 



In Table 7 , a concentrate of the treated clay and a 
polymer other than a polyamide is let down, or diluted with the 
nylon h. The controls are a mixture of the polymer neat and 
nylon h. „ , 
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The runs in Table 8 vary the feed points for processing 
the nylon with the treated clay. The clay was fed into the ZSK 
twin screw extruder at the throat or downstream of the throat. 
The nylon used was a copolymer* of 80% nylon 6,6 and 20% nylon 6. 
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In Table 9, composites are prepared from eight (8) 
different quaternary ammonium/ammonium blend-treated silicates. 
The composites are processed using a ZSK twin screw extruder. 
Taking into account the standard deviations of the tensile 
strength measurements, all of the samples show an increase in 
tensile modulus and flex modulus without a decrease in tensile 
strength. Samples 125 through 135 show the effect of varying the 
nylon type. 
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In Table 10, composites are prepared from six (6) 
different tertiary ammonium- treated silicates. The composites 
are processed using a ZS*, twin screw extruder. Taking into 
effect the standard deviation of the tensile strength 
measurements, all of the samples show an increase in tensile 
modulus and flex modulus without a decrease in tensile strength 
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In Table 11, samples 147, 150, 152, 154 and 156 are 
subjected to solid state polymerization. A dramatic improvement 
is noted in the tensile strength and elongation. 
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IN-SITU POLYMERIZATION OF NYLON NANOCOMPOSITES 
Process Description : 

In-situ polymerization holds great promise for improving clay dispersion and enhancing the 
strength of the silicate-nylon interface over that obtained by melt compounding. Efficient 
reinforcement comprising more than 20% increase in modulus has been found for a nanocomposite 
containing only 0.1% by weight nano-silicate. Silane may be added to the reactor feed to improve 
interfacial bonding in the final nanocomposite. 

Polyamide nanocomposite compositions may be formed by a process comprising forming an 
aqueous mixture of a treated silicate material and a polyamide monomer, treating the mixture to 
polymerize the polyamide monomer, and dissociating at least about 50% of the silicate material to 
form a polyamide nanocomposite composition. 

In a specific embodiment, layered (montmorillonite, saponite, hectorite, laponite) and chain- 
like (sepiolite) silicates may be incorporated into nylon 6,6 and nylon 6,6/6 copolymers by 
exfoliating and dispersing the clay in the hexamethylene adipamide (HMA) nylon 6,6 salt solution 
prior to polymerization. Nylon 6,6/6 copolymers may be produced by including a component of 
epsilon-caprolactam in the monomer feed. The process has been demonstrated in both laboratory 
and pilot (250 pound (1 13 kg)) scale autoclaves. 

In an alternative embodiment directed towards the preparation of copolymers, the silicates 
may be pre-dispersed in the caprolactam component prior to its addition to the salt solution. 
Alternatively, concentrates may be made in nylon 6 or in its precursor caprolactam solution, 
preferably with the addition of a peptizer, for later addition to the nylon 6,6 polymerization mixture. 
Low molecular weight liquid polyamides may be used as carriers for the nanoclay . Concentrates of 
the nanoclay exfoliated in these carriers by high shear homogenization may be added later in the 
nylon 6,6 polymerization cycle after the aqueous ionic environment is driven off. 



Patent nrnvirted hv SunhntA Minn PI I C. - httn //www siinhriJA 



WO 01/12678 



PCI7US99/18514 



10 



IS 



-54- 

The following parameters may affect the performance of the process: 

a. Prior dispersion of the clay in water, or use of wet never-dried clay, before introduction to 

the polymerization mixture; 

b. Application of high shear, ultrasonic energy or venturi cavitation flow to enhance 

exfoliation of the clay layers prior to polymerization; 

c. Salt concentration; 

d. pH; 

e. Diamine/acid ratio in the HMA salt solution; 

f. Ion exchange of cations on the clay surface to alter its hydrophobicity and reactivity or 

physical interaction with the nylon polymer matrix; 

g. Clay concentration; 

h. Type of silicate; 

i. Molecular weight of the nylon at the point clay is added to the polymerization; and 
j. Composition of the nylon polymer/copolymer. 



It may be preferable to perform the process with a "diamine spike", i.e., a higher molar 
concentration of hexamethylene diamine (HMD) than adipic acid in the mixture to counter any 
acidity due to the clay or its treatment, as well as to compensate for the loss of HMD by 
vaporization during the polymerization cycles. The resulting higher viscosity of the polymerized 
20 melt indicates a greater molecular weight build in the polymer matrix. 

Silicate materials 

Certain mineral types are preferable for use in the in-situ polymerization process, including 
synthetic Laponite, commercially available from SCP under the trade name Laponite®, hectorite, 
sepiolite, saponite, and montmorillonite at various points in the reaction cycle. It has been foundto 
25 be preferable to first achieve a good dispersion of the exfoliated silicate layers in water prior to 
contact with the salt solution. In this regard it may be useful to start with a never-dried aqueous 
dispersion or aqueous suspension instead of dry silicate. Alternatively, dry silicate may be hydrated 
prior to its participation in the polymerization process. Silicate may be dispersed through high shear 
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homogenization or cavitation generated ultrasonically or by throttling the aqueous suspension 
through a venturi tube or other methods known in the art. 

The silicate material may be orgaoicallymodified to produce a stronger interface with the 
nylon matrix phase of the final nanocomposite. Such organoclays are more hydrophobic than the 
5 pristine minerals and so may not form stable colloidal dispersions in water or in the nylon 6,6 salt 
solution. However, as in the melt compounding approach of the earlier patent application, polymer 
can intercalate the layered clay structure later in the polymerization cycle after the aqueous phase 
has been largely removed by vaporization. In fact, its lower molecular weight should actually 
enhance the rate of intercalation, leading to a more complete state of layer exfoliation and higher 
10 reinforcement of the final composite by the resulting smaller particle thicknesses than is obtained by 
direct melt compounding with a pre-polymerized nylon resin. 

Non-ionic conditions 

In an embodiment designed to completely avoid an ionic environment, the silicate material 
may be added later in the polymerization cycle after the salt has been converted to oligomers or low 
15 molecular weight polymers. An alternate approach to avoiding ionic effects is to start the process 
with molten anhydrous salt in place of the salt solution. 

Peptizers 

In order to avoid gelling, it may be preferable to limit concentration to 2% or possibly up to 
4% of the other minerals. Higher concentrations up to about twice these limits may be feasible 
20 when a peptizer is also present in the mixture. These contain phosphate ions which may retard the 
buildup of structure in aqueous suspensions. The phosphates also act as buffers to control pH, which 
may also be desirable in achieving a high degree of clay dispersion. 

Examples: 

Four clay types received from Southern Clay Products, Inc., Gonzales, TX - Mineral 
25 Colloids BP and MO along with Claytone types AF and APA, were dispersed in water, a 70% 

solution of caprolactam in water and a 50% aqueous solution of hexamethylene adipamide (HMA) 
at 1% using a Dispermat mixer running at 50 cycle/sec for 60 seconds. Of these four clays, only the 
dispersion of BP in water was stable. The high shear mixing is preferred. An Omni mixer is an 
example of a commercially available machine capable of achieving high shear mixing. 
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It was found that aminolauric acid clay treatment provides improved stability to the colloidal 
clay suspension in salt solution. Indeed, a macroscopically uniform product of 4% aminolauric acid 
treated montmorillonite was polymerizedanto nylon 6,6 in a lab autoclave. However, transmission 
electron microscopy (TEM) and wide angle x-ray scattering (WAXS) revealed that the silicate of 
5 this composite is not fully exfoliated. The mechanical properties of injection molded specimens 
were not enhanced by the presence of the clay. 

Foaming was experienced during in-situ polymerization in a lab autoclave with tallow-based 
(e.g., dimethyl-dihydrogenated tallow ammonium (2M2HT)) organoclay, while untreated (pristine) 
sodium and calcium montmorillonites did not exfoliate, according to clumps visible by optical 
10 microscopy. Use of tertiary ammonium silicate treatment rather than their quaternary counterparts 
were found to reduce foaming. 

A 97.5/2.5 nylon 6/6,6 copolymer was polymerized in the presence of 4% by weight 12- 
aminolauric acid organomontmorillonite. The product displayed considerably enhanced toughness 
and ductility over the nylon 6,6 homopolymer nanocomposite. Optical microscopy indicated the 
15 absence of any micron-sized clay residue, suggesting a higher degree of clay delamination than for 
the earlier homopolymer. This was confirmed by transmission electron: microscopy (TEM). 
Injection molded properties of this sample were high, showing a 25% increase in tensile modulus 
and 50% increase in yield strength, with only about 1% silicate on a volume basis - a high 
reinforcement efficiency. 

20 Alkoxy-modified organoclays comprising the more polar ammonium ions synthesized from 

alkoxy-functional Jeffamines were observed to produce more stable colloidal suspensions in mixed 
HMA/caprolactam solutions. In-situ polymerization was successfully performed with an ethoxy- 
modified montmorillonite. Initially, temperature was kept low (< 260°C) to safeguard against 
degradation of the clay coating. Smaller test tube sized polymerizations were performed without 

25 stirring in a Parr reactor over a range in ethylene oxide / propylene oxide sequencing on the 

ammonium cation of the treated montmorillonite. WAXS measurements showed the same degree of 
polymer intercalation into the silicate structure as in samples made with stirring in a lab autoclave. 
Coating compositions allowed the nylon 6,6 content to be raised as high as 12% without obstructing 
the silicate intercalation. 
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One polyprepylene oxide qua! produced a particularly stable colloidal suspension in a 50/50 
■nocture of nylon 6,6 salt solution and capreUctam solution that did not phase separate for severel 
days a, rem temperature. In con**, ^ xaium montmorillonite mfmkm ^ ^ ^ 
to be sable a. room temperature across a range of HMA/caprolaclam mixture compositions, though 
m-sin. polymerization of sttaigh, nylon 6 na.ocomposite fiom capiolacteur solution comprising 
Ge,wh,te pristine CWttmorillonite supplied by Soudrem Clay Products, be. a ^ 

flowmg concenttate ma, could tater be let down inlo nylon 6 , 6 to fonn a ^ maaam ^ t 

Gelwhrte L nanocomposites of 5, 10 and 15% concentration i, nylon 6 prepared in a lab 
autoclave were let down in nylon 6,6 by adding .hem «o die hexamediytene adipamide sal. solution 
pnor to nylon 6,6 polymerization. Alttiough tite resulting blend fibers were bright and amoom, 
indicanng the absence of clay clumps, no improvement of physical prepares was noted. 

Hydration ofsiHcateg 

I. was discovered that when montmorillonite is fidly pre-hydreted, either as a never-dried 
sluny or by firs, completely suspending dry day in water, i, forms a more aable colloidal 
suspension in hexamethylene adipamid. sal. solution. Tire following types were found lo produce 
stable 3% colloidal suspensions in water following high shear mixing wire an Omni homogenize! 
Gelwhile H and Gelwhite L (scKuum-exchanged ^montmorillonite). Mineral Colloid BP (pristine 
Na-monunorillonite), polygene oxide, .rented montmorillonite, and a hydroxy-terminated 
poMediylene oxide / propylene oxide) copolymer .rented montmorillonite. 72 hours after adding 
sal. solution to the water slurries a, a level correspo^ing to 4% clay in the final naiocmposite the 
follow^ types remained in suspension. Gelwhites HandL, Mineral Colloid BP and certain of the 
polyedterorg^oclays. TIk odier slurries were stable for at leas, one hour. An, clays that would 
not hydrate in water were also found not go into suspension when nylon salt was added 

Suspensions of die following clays made by the above technique were then polymeria 
wnhou. mixing in test tubes using a Parr reactor: Gelwhites H and L, Minerel Colloid BP and 
cerunn of the polyether organoclays. However, die silicate layer d-spacing measured by WAXS in 
the resulting nanocomposite was still low (,3.9 - .4.3 A), indicating little polymer intercalation of a. 
leas, a portion of the clay. However, the spacing is .arger man found in tite as-received Mineral 
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Colloid BP Na-montmoriUonite. Addition of carboxymethyl cellulose (CMC) was investigated to 
hold the clay surfaces apart until a low molecular weight polymer is formed. 
Nylon 6 examples ♦> 

By using a modified nylon 6,6 two hour batch polymerization cycle, nylon 6 nanocomposites 
were prepared in-situ from a water solution of caprolactam containing a range of pristine nanoclays, 
including Ca-montmorillonite, Na-montmorillonite, laponite RD synthetic hectorite and attapulgite. 
The laponite appeared to disperse most readily, showing no peaks in the WAXS spectrum of the 
resulting nanocomposite. The relative viscosity (RV) of the resulting nanocomposite was equal to 
the neat control and its translucency indicated good clay dispersion. A 4-9°C rise in 
recrystallization temperature vs. the control indicates that the nanoparticles are altering the crystal 
structure of the nylon matrix in the manner of nucleating agents. 



sample ID 


%,type . 


RV 


DSC 
m.p.(°C) 


DSC 
recrystT(°C) 


5420078 


(nylon-6 control) 


28.1 


212.1 


143.3 


5420079 


3.0% GELWHITE H 


26.3 


212.1 


151.1 


5420080 


2.0% GELWHITE H 


23.2 


212.2 


150.1 


5420081 


1.0% GELWHITE H 


28.4 


209.9 


150.8 


5420082 


0.5% GELWHITE H 


25.5 


209.7 


149.6 


5420083 


2.0% LAPONITE RD 




210.5 


150.7 


5420084 


2.0% GELWHITE L 


24.2 


209.2 


152.4 


5420085 


2.0% ATTAPULGITE 


28.4 


211.2 


147.4 


5420086 


2.0% Mineral Colloid 
BP(Na Montmorillonite) 


25.5 


i 209.5 


152.4 



It is thus seen that the presence of the silicate does not appear to affect the polymerization of 
the nylon. Tensile data on nylon 6 nanocomposite film samples prepared by hot pressing autoclave 
extrudate between flat plates show a general increase in stiffness with increasing concentration of 
Gelwhite H pristine Ca-montmorillonite, while tensile strength and elongation are somewhat 
reduced. The modulus of composites made from Mineral Colloid BP pristine Na-montmorillonite 
was found to be significantly (40%) higher than any of the other clays tested. 
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5420078 
5420079 



5420080 
5420081 
5420083 
5420084 
5420086 



(control) 
Gelwhite-H 



Gelwhite-H 
Gelwhite-H 
Laponite-RD 

Gelwhite-L 
Min Col-BP 



Clay Cone 
wt_% 

3 



2 
J_ 

2_ 
2_ 
2 



Yield Stgth 



0.68 
0.66 



0.58 

0.63 

0.6 

0.50 

0.57 



Break Stgth 

5J) 
4.0 



3.0 
3.6 
2.0 
3.0 
3.0 



Ult Elong. 

40. 
7 



_5_ 
6.8 
3.6 



1% Secant 
Mod., kpsi 
126 
156 



130 
100 
134 
116 
180 



The above experiment was repeated at 1% and 2.5'Zo mineral with the addition of Laponite B 
mineral as an additional run. Addition of tetrasodium pyrophosphate (TSPP) peptizer to the 
Gelwrate H sample during homogenization aided in forming a dispersion. The resulting fiber was 
delusteredmcomparisontotheothercandidates. All 1% nanocomposites demonstrated a 10°C 
increase in recrystallization temperature. 

Experiments were conducted on intercalation of layered silicate with molten nylon of low 
molecular weight into pristine Ca-montmorillonite. 

Nylon 6 nanocomposite fiber spun from the polymerization autoclave and comprising 2 5% 
lapomte RD silicate showed a measure of electrical conductivity under high voltage testing. At 5% 
and 1 0% concentrations, the melt viscosity was so high that the nanocomposite melt could not be 
discharged from the autoclave. 

Additional mechanical results were obtained on nylon 6 fiber: Gelwhite L and Laponite RD 
are preferred over Mineral Colloid BP, Gelwhite H, Laponite B and aaapulghe for improving 
modulus without loss in tenacity and etongation. Both spun and drawn yams were bright art free of 
nubs. 
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modulus (g/d) 
132 



All of the clay types did show nucleating activity. The above 



experiments were repeated in 



P* m ft, ,W and ,.0% Cy .eveis, wiU, «he days parsed in a 70% Cretan, ^ 
The fourth cycle of to standard nylon 6,6 polyn^rizauon cycle was tended fion, 30 «> 60 



minutes. 



none (control) 
U.5%GELWmTEF 
1 .U% GEL WHITE L 
U.!)% LAPONITE R D 
l.U%LAPONITERD" 



Testing of drawn yarn 




These nanoclays produce enhanced modulus a. fte 0.5% and 1.0% levels, along with some 
■ncreas. ,„ renachy a, 0.5*. rhey were also seen ,o be eflicien. nucleaung agena for nylon 6 
Hov^cr. U-ey also pmduced higher gel levels, shown* HPLC fluorescence numbers of amund ■ 00 
ppm vs.0-1 ppm for the nylon control. 



Patent nmvirifiri hu Riinhmfi Minn PMC. httn//www siinhnifi rnm 



WO 01/12678 



PCT/US99/18514 



-61- 

Nvlon 6.6 examp les 

Nylon 6,6 nanocomposites may be polymerized by standard industrial procedures as 
described in the "Nylon Plastics Handbook (Melvin I. Kohan, Hanser Publishers, Munich, 1 995 
pp. 17-23). 

5 Gelwhite L may be made into a concentrate of up to 20% in nylon 6 via in-situ 

polymerization (with Tamol 850, a smfium polymeumcrvlate ftom Rohm and Haas Company te aid 
clay casp^ron). TT.es. concentrates were cxhaded a, the end of the third cycle of me stendard 
polymenranonpn.cessandgivenawaterv^ch. The nanocomposites were pulverized and added 
back to a nylon 6,6 po.ymemanon. either te m. sah so lun on a, me beginnmg of Ute pmcess o, iater 
aftermebatch« ! hievedatemperatu re of220-C. The latter technique generated gels, and neither 
resulted nt any enhancement to the mechamcal properties of spun fiber. 

A never-dried slurry of an ion exchanged Ca-mtmunorUlonite in which me Ca» ions have al. 
be« exchanged for Na , and containing po.yrcry.ate as peptize, was a!so polymerized mm n,.o. 
«^«<%concenr^„n,bu,wimnom TC ^ Me „ ^ 

.5 butspumsbte. Tle^su.tmgyarnappearancewassmoom.bu.delus.ered. The Ca* mined ores rue 
artractive for fiber applicafions because of their whiter coior. However, the aspect ratio of their 
exfohated platelets is known to be lower man those from mined Na™ntmoriUonite 

If the clay dispersion in nylon 6,6 sal, solution is allowed to age for even a few hours i, 
M 6 b J B, ° Pol ^^»<'f"ne^.y„ 1 ddis P ersio„ re su 1 tedina.owerRVofme„y.on 
Silicate concentrate carr ier solutions 

Anahemati --W™en, for me preparatitm of silicate / P o. ya mide nanocomposites via i„- 
sttu polymerization is te pre-disperse ^ clay at Mgh fa , ^ ^ ^ ^ 

for addition te the polymerization vessel For examp.e, i, was found possib.e to disperse Gelwhite L 
. 5 a, concentrations of .0-30% in an aoueous solution comprising 25% (based on th. weight of the 
clay component) of a solution of 70% epsi.cn capmlactam in water artd .%-5% Tamol 850 
dtspersingsgen,. These dispersions remained stable for over three weeks a, room temperahue 
W,mout me disperatag agent, mediation of m ' 

become unpourab.e gels. An advantege to the use of these day concentrates is their possible 
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addition to the reaction mixture later in the polymerization cycle after the ionic aqueous 
environment has largely been dissipated through vaporization, thus reducing the chances for 
flocculation. In this example, the dispersion wasinjected into a nylon 6,6 batch polymerization 
when the temperature was in the range of 220°C-235°C. The resulting fibers contained nubs which 
fluoresced under UV light, indicating the presence of gel. Fiber properties were consequently not 
improved over the nylon control. 

In another example of the above technique, Laponite RD could be dispersed at a high 
concentration of 10% in a 70% solution of caprolactam in water by combining 3% f amol® 850 with 
1 00% ethylene glycol, both concentrations based on the weight of the clay. 

Tetrasodium pyrophosphate fTSPP) and carboxymethyl cellulose (CMC) were found to not 
be effective peptizers to stabilize montmorillonite suspensions after addition to the nylon 6,6 salt 
solution, according to WAXS data. 

Tamol® dispersing agent was effective in polymerizing 1 .5-2% nanocomposites of Mineral 
Colloid BP in nylon blends comprising 20-30% nylon 6 in nylon 6,6 from aqueous mixtures of 
caprolactam and hexamethylene adipamide. However, the viscosity of the 2% nanocomposite was 
so high that it could not be extruded from the reactor. The copolymer composition is attractive 
because the lower salt concentration reduces clay flocculation while the caprolactam component 
enhances intercalation of the clay structure, leading to more efficient exfoliation. 

Potassium tripolyphosphate (KTPP) has been found to be an effective peptizer for 
nanosilicates in nylon 6,6 salt solution. It is also believed to suppress gel formation. Spun and 
drawn fibers prepared by injecting stabilized Gelwhite slurry later in the nylon 6,6 polymerization 
cycle were bright and gel-free, unlike the nubs and fluorescent gels routinely obtained with TSPP 
and Tamol® 850 peptizers. Fiber containing 0.3% nanoclay retained its matrix properties. 



NBPID# 


KTPP 
(% of clay) 


HPLC fluo. 
(ppm indole) 


Tenacity (g/d) 


Elong(%) 


Modulus (g/d) 


5820338 
(control) 






3.28 


86.0 


19.3 


5820402 
(control) 
5695896 


TAMOL850 


102 


3.20 
2.98 


89.0 
89.7 


23.4 
15.2 
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NBP ID# 
5695894 



KTPP 
(% of clay) 
TAMOL850 



HPLCfluo. 
(ppm indole) 
88 ~~ 



Tenacity (g/d) 




Elong(%) 
ITT 



Modulus (g/d) 



No* A KM GEL WHITE L stay in 70% aqueous caprclacuun solution was prepay whh 
various amounts of KTPP. In 5820350* and 5820351 •, however, GEL WHITE L/eapn.lacBm 
solution was kept at 1/1. 

Fiber comprising 0.6% Mineral Colloid BP, 1% KTPP based on the clay weight and a small 
amount of caprolactam also appeared bright with only minor nub generation. 

M ^^ te n.ary ammonia ^ 
lack the thermal stability required to withstand nylon 6,6 polymerization temperatures of 280- 
3WC. A lauryl-dimethyl-3-sulfopropyl betaine (Ralufon DL from Raschip Corp.) with higher 
temperature stability successfully intercalated Gelwhite L pristine Ca-montmorillonite at 1% 
concentration in 70% caprolactam solution which, when injected late in the nylon 6 6 
polymerization cycle, produced a nylon 6,6 fiber at 0.3% mineral concentration with good luster and 
absence of gel, along with acceptable mechanical properties. 

2% nanocomposites of Mineral Colloid BP, aminolauric acid and (2-ethylhexyldimethyl 
hydrogenated tallow)modified montmorillonite, were made by infiltration of molten hexamethylene 
ad,pamide salt and low (9-10) RV nylon 6,6 polymer, in order to avoid exposure to the ionic 
env.ronment of the salt solution. WAXS data show the latter approach to improve polymer 
intercalation in opening up the clay structure. 

Nylon 6,6 nanocomposites comprising 1% nanoclay were prepared from never-dried 
aqueous suspensions, with the exception of dry Gel-White H which had to be re-dispersed in water 
The pre-dispersions are further mixed under high shear with an Omni homogenizer for 1 0 minutes 
after introduction to the salt solution. 
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Sample 
No. 


Clay type 


Additive 


Clay 
Cone. 


Intrinsic 
Viscosity 


[COOH] 


[NH 2 ] 


Mw 


Mv/Mw 


8515 


Na-mont. 


0.9% CMC 


1.4% 


0.745 


149.1 


65.5 


17000 
(Mv) 




8517 


Na-mont. 


- 


2.0 % 


0.769 


114.4 


43.5 


25300 


0.70 


ojIB 


Na-mont. 




1.0% 


0.902 


121.3 


37.6 


25200 


0.86 










0.896 
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Gel- White H 




1.0% 


0.971 


106.6 


41.7 


27000 


0.88 i 


8522 


Ca-mont. 




1.0% 













10 



15 



20 



All of the above clays were obtained from SCP. The Ca-montmorillonite slurry was ion 
exchanged with sodium ions and also contained an acrylic peptizer. 

Samples 8515, 8517 and 8520 could not be extruded out of the polymerization autoclave due 
to their high melt viscosity, suggesting a significant degree of clay exfoliation despite the presence 
of a residual WAXS peak at 14.4A. The greater breadth of the peak does indicate that the original 
lamina stacks in the clay have been reduced somewhat in thickness. A nylon 6,6 nanocomposite 
comprising 1% nanoclay from Na-montmorillonite never-dried slurry showed high reinforcement 
efficiency with a 1 5% increase in tensile modulus. Sample 8522 was injection molded into tensile 
test bars which showed a 1 5% increase in modulus from 435 to 500 kpsi, a highly efficient 
reinforcement from the small amount of clay present. 

The presence of clay does not appear to have any significant effect on the molecular weight 
of the polymer formed, or its distribution. The presence of CMC in Sample No. 8515 reduces 
molecular weight, as expected. 

Five replicate runs of carpet and industrial tire cord fibers modified with 0.5% and 1.0% 
Gelwhite L were prepared in a small autoclave from a 10% clay pre-dispersion in 70% aqueous 
caprolactam solution containing 1% each of KTPP and Tamol 850 based on the weight of the clay. 
The clay slurry was injected into a nylon 6,6 polymerization during the second cycle of the process 
at 235°C. Modulus increased by 10-20% in the spun fibers at both concentration levels, although 
this advantage was retained after drawing only in the carpet fiber at the lower concentration level. 
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Tenacity and elongation of both spun and drawn fibers of both types showed small decreases. It was 
later shown to be preferable to omit the Tamol ingredient in this particular formulation. 

A significant level of nano-reinforcement was achieved in injection molded nylon 6,6 
nanocomposites made by in-situ i>olymerization in a 250-pound (1 1 3 kg) batch with a very low 
mineral concentration. A tensile modulus enhancement of 90 kpsi (20%) over neat nylon due to 
incorporation of only 0.072% mineral content by weight of laponite RD synthetic hectorite 
represents ten times the maximum benefit that could be anticipated from classical reinforcement 
mechanisms. Very small crystallite size, indicating nucleation, was detected in these 
nanocomposites by optical microscopy through crossed polarizers. 

Pristine sepiolite, a chain-like silicate, has been demonstrated to be equally effective as 
montmorillonite or hectorite for nylon fiber reinforcement via in-situ polymerization. At 0. 1% 
concentration it provides a high draw capability and enhanced mechanical properties. At 6.5 draw 
ratio the following fiber properties were obtained vs. a neat nylon control fiber: 84 vs. 76 g/d 
modulus, 10.2 vs. 9.1 g/d tenacity and 12.3 vs. 10.4% elongation to fail. The nylon matrix RV was 
equivalent to the neat nylon control. 

Sepiolite (1%) increased flex modulus by 13% in nylon 6,6 polymerized in a lab autoclave. 
In scale-up to the 250-pound autoclave (113 kg), however, the sepiolite nanocomposites did not 
demonstrate as great an improvement on the nanocomposite as in the smaller scale experiments. 
Injection moldings containing 0.09% by weight pristine sepiolite showed lower reinforcement than 
the corresponding laponite materials. Tensile strength still increased significantly from 1 1 . 1 to 12.0 
kpsi in comparison to the unreinforced nylon 6,6 control. The increase in modulus was only a 
modest 6%, while elongation still reached 30% strain. As with laponite, the presence of the sepiolite 
mineral during the nylon polymerization had no effect pn the nylon polymer, which registered an 
RV of 42 and acioVamine end group concentrations of 72/52.4. An advantage of sepiolite is that it 
can be effectively dispersed directly into the HMA salt solution without the need for making a 
predispersion in water. 

Silane, particularly aminopropyltriethoxysilane, may be incorporated into polyamides such 
as nylon 6,6 by addition to the salt solution along with the nanoclay prior to polymerization. At low 
levels (0.12-0.25%), it provided no significant benefit to the properties of the resulting 
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"apposite fibe. also coroprish* ,„w (0.1%) levels ofnanocfay. However, a. the higher 
concent ofhoU, sihme (up u, 0.5%) and nanochty (up to 2% ) ^ for ^ J£ . 
^e.e^.he.aeoco^^H,. Apparo^eh^uu ^e^ L.y 

Oo d.e other hand, m rhe absence of the silicate the sdane alone showed s„ne reinforcing potential 
of its own in drawn fiber. ^ 

from in^tu^^ 6 ' t* 8 !^* ratio reinforcements in genera] produce higher properties in fiber drawn 
from uvatu poiynte^ed nylon 6,6 naraKomposhes. Thus. tnot*noril.oni,e and hectorite are mora 
effechve man .aponite B, which in ran, is more effective the, .aponite RD. 

uo » rS! T"?^ ^ SK8h,ly t— «r ineraased (by 

upto.CJmrough^mco^raUonoft^hyd^po,^^ J* 

ale S sercx tt n,hec te ntea re «hemos,efficicn.nanos iKMte m 1 c l ea tra s ^ 

Further examples of ftbera spun and drawn tan in-situ pofyroerized nylon 6 6 
^mposites a, pU. t ph n, scaie comprise raonUnoriUonite, hecrorite and .aponite B. bod, 
pnsune ^ ,„. exch^ged with aramoniuro cations . ,„ ofI5%in ^ _ 

by wetght me, would he signiflcm,, f or ^ ^ w , icildons . High „ ^ ° 
modulus wtth 10% in tenacity were observed at the bench stale. 

Of particular note, ^ secant modu.ua of 0..% pristine hectorite nanocomposite drawn 
carpet yam of! 6.6 was 44% higher than the , ,. 7 g,denier control yaro pJL, int 

same « and drawn to the saroe denier. Elongadon to fail was .univalent ,. the con.ro., while 
<enac,,y was enhanced shghtly. The good performance of mis nanocomposite may be amfhuted to 
pra-hsperston of the silicate in a minor caprolactam component of dte fonnulatiot 

^^'^ecy.annnomuraUdtepmfc^dca.ionexcha^edonU.me 
pby.losd.cete minerals fo, in-situ polymerization in nylon 6,6. A nanocomposite i„- situ 
po ymerized with either 0.2 and 0.4% of montroorillonite previous* troated wid, dds cation show* 
unproved appearance rotention in ^ ^ testing Due to dreir less hydrophilic naluro 
organoclays aro prc-dispersed a, up ,„ 5% concentradon dirocdy in nylon sal, soludon rather than in 
pure water, as is prcfened for the pristine minerals. 
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A slight inhibition of nylon 6,6 polymerization that may occur at higher silicate 
™. ons (e . g ., 2%) may ^ o _ by ^ ^ ^ ^ ^ 

cycle by about 30%. . . 6 

Enhanced modulus along wi«h a sligbuy reduced ductility indicate a better nanoparticle 

Aspersron resulting ftom tire application of ultrasonic energy ,„ the utitial Cay slurry 
The uieal mineral concenttation for fiber spinning appear, , obcMow ^ , % 

■"r^*""* by ^ FOT ^»™^-«on S , h ig hin ;^ mWy 

molded properues^re found for ,.5.^^^ 

8 Trr„T el0n ^ OTOf4TC '^ a ^»-»^^^„ poI y m er W o llI ddi S p,ay 
80 MPa, 3.0 GPa, and 60%, respectively. ^ Y 

Fiber app lications 

tame* v Hb T * " i "' Sin ' POly,, ' eriZa,i0n aWr0Mh »"* tem *• — 

targets vs. plasttc moldmg applications, such ma, lower Cay concemration levels nray be u*d where 

nanoscalem^playag^ter^e. Higher orientation lCTeb can be generated I thX 
spmnmg and drawing processes than in injection molding. The use of higher draw temperature 
furmer .mpmves nanocomposite yam performance by cnttnlling molecolar defecation. Luster 
smoothness (absence of nnbbs) and opacity am indicators of me residua, particle si* of the Cay ' 
mCusions in spun and drawn fibers. 

Solid Slate Polymerization "fin-sit,, nnlyn,^,^ n annmni[VT ..„ 

beenm-srtu polymerized with four different silicates. Molecule weighs wete determined before 
and after snhd srate polymerization. Ibe nanocomposite samples were found ,„ increase in 
molecular weight similarly to neat nylon 6.6. 



Clay Type 
montmorillonite 



% silica te 
1.07 
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£pmparisp„ ofcpmppsfflon, from i-sim ™. m£w ss m 

A well hydmed, uever-dried slurry of Miuen! Conoid BP (Na-montmorinonifc) ^ ^ 

™ ^ ^ ^ «— molded and «. ^ 

accnrdmg to Am, mchod L«38. Comp^ cnnocomposifcs we. compounded on a twin 

ailow'ti| t ^ IM ^ r similar montmorillonites that were pre-treated with ammonium compounds to 

TrTS eXf0li " i0n ^ 8 nyl °" "* " *■* * - *-* ap^eadon 

Tfc two « which produced near,y idendca, resuKs, were dimethyidihyd^enl JT 

p~^r^ yl * y ^ W,0W ™ Ura ^- la 
ploded as a fcncoon of m. minem. content of me nanocomposito show the in-sito polymerized 

—no. to have hi^ perforce a, the snme toadin* as the comparadve JL ma4s „ 
meUeomp^undmgCF.gme). Bom are su,*rio, to tmdioona, composites HHed with haoii. e ,.v J 
is not exfoliated into nanoparticles. 
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CLAIMS 

A process to prepare a polyamide nanocomposite composition, the process comprising: 
forming an aqueous mixture of a silicate material and a polyamide monomer; and 
treating the mixture to polymerize the polyamide monomer forming a polyamide 

nanocomposite composition. 
The process of claim 1, wherein the polyamide is nylon 6, nylon 6,6, nylon 4,6, nylon 6,9, 
nylon 6,10, nylon 6,12, nylon 11, nylon 12, amorphous nylons, aromatic nylons, or 
copolymers thereof. 

The process of claim 1, wherein the polyamide is a copolymer of nylon 6,6 and nylon 6. 
The process of claim 1 , wherein the monomer is hexamethylene adipamide, e-caprolactam, 
lauryllactam, e-caprolactone, or lauryllactone. 

The process of claim 1 , wherein the monomer is hexamethylene adipamide. 

The process of claim 1 , wherein the monomer is a mixture of hexamethylene adipamide and 

e-caprolactam. 

The process of claim 1, wherein the silicate material is laponite, hectorite, sepiolite, saponite, 
attapulgite, or montmorillonite. 

The process of claim 1 , wherein the silicate material is added in fully hydrated form, in the 
form of a never-dried slurry, in the form of an aqueous slurry, or in the form of an aqueous 
suspension. 

The process of claim 1, wherein the silicate material is a colloidal dispersion of fully 
hydrated exfoliated silicate material in water. 

The process of claim 1, wherein the silicate material is an organically treated silicate. 

The process of claim 1, wherein the mixture further comprises a dispersing agent. 

The process of claim 11, wherein the dispersing agent is a sodium polymethacrylate. 

The process of claim 1, wherein the mixture further comprises a silane. 

The process of claim 13, wherein the silane is aminopropyltriethoxysilane. 

The process of claim 1, wherein the concentration of silicate material in the polyamide 

nanocomposite composition is less than about 2 weight percent. 
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1 6. The process of claim 1 , wherein the concentration of silicate material in the polyamide 
nanocomposite composition is less than about 1 weight percent. 

1 7. The process of claim 1 , wherein the concentration of silicate material in the polyamide 
nanocomposite composition is between abobt 0.05 weight percent and about 0.2 weight 
percent. 

1 8. The process of claim 1 , wherein the mixture has a higher molar concentration of 
hexamethylene diamine than adipic acid. 

19. The process of claim 1 , wherein the mixture further comprises an oligomer of the polyamide 
monomer or a low molecular weight polymer of the polyamide monomer prior to the 
polymerization step. 

20. The process of claim 1 , further comprising dissociating at least about 50% of the silicate 
material. 

21 . The process of claim 20, wherein the silicate material is dissociated by a mechanical unit, 
pressure alteration, ultrasonics, a stirrer, or a high shear homogenizer. 

22. A polyamide nanocomposite composition prepared by the method of claim 1 . 

23. A polyamide nanocomposite composition comprising a polyamide and a silicate material, 
wherein the tensile modulus of the composition is higher than the tensile modulus of a 
composition comprising the identical concentration of components prepared by melt 
intercalation. 
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